Mutated huntingtin (htt) is ubiquitously expressed in tissues of Huntington's disease (HD) patients. In the brain, the mutated protein leads to neuronal cell dysfunction and death, associated with formation of htt-positive inclusions. Given increasing evidence of abnormalities in HD skeletal muscle, we extensively analyzed primary muscle cell cultures from seven HD subjects (including two unaffected mutation carriers). Myoblasts from presymptomatic and symptomatic HD subjects showed cellular abnormalities in vitro, namely mitochondrial depolarization, cytochrome c release, increased caspase-3, -8, and -9 activities, and defective cell differentiation. Another notable feature was the formation of htt inclusions in differentiated myotubes. This study helps to advance current knowledge about the downstream effects of the htt mutation in human tissues. Further applications may include drug screening using this human cellular model.
Introduction
Huntington's disease (HD) is a neurodegenerative disorder caused by a dominant CAG expansion mutation over 35 triplets encoding a longer polyglutamine tract in huntingtin (htt), a large protein widely expressed in nervous and non-nervous tissues including skeletal muscle. 1 In patients, progressive widespread brain atrophy, 2, 3 leading to severe motor disability over time, is associated with early peripheral tissue dysfunction such as loss of body weight. 4, 5 Hence, the pathological involvement of non-nervous tissues may contribute to the clinical features of HD.
In particular, accrued evidence over the past 10 years has documented skeletal muscle dysfunction in HD. Defects in muscular energy metabolism have been found in symptomatic and presymptomatic HD subjects 6, 7 and mitochondrial complex deficiency associated with unspecific myopathic changes have been described in muscle biopsies from symptomatic patients. 8 Furthermore, immunohistochemical studies detected the formation of htt aggregates in human skeletal muscle. 9 Abnormal features have also been confirmed in an HD transgenic mouse model R6/2, where similar degenerative changes involved both brain and muscle fibers. Precisely, analysis of R6/2 peripheral tissues identified htt inclusions and atrophy in muscle fibers, whereas htt inclusions were absent from other peripheral tissues including skin and adipose tissue. 10 Studies in more recent years tested the hypothesis that changes in neuronal gene expression would be mirrored in skeletal muscle, showing parallel changes first in muscle and brain from R6/2, 11 then in muscle from transgenic models and HD patients. 12 These results suggest that muscle gene expression might serve as a biomarker for therapeutic trials.
Although skeletal muscle might therefore be a useful model for studying the pathogenic mechanisms underlying HD, to our knowledge no studies have investigated in vitro the features of primary muscle cells from patients with HD. Understanding the mutated-htt dependent mechanisms underlying human muscle cell dysfunction and death is important for two reasons. First, because it should provide new insights into the mechanisms involved in neuronal abnormalities and neurodegeneration in HD, and also because the cellular model, by disclosing pathological features, could be useful for testing therapeutic strategies and for drug screening.
In this study we therefore conducted an extensive analysis aimed at investigating cell dysfunction and death in muscle cell cultures from seven patients with HD (including two presymptomatic subjects).
Results

Htt expression and inclusions in muscle cell cultures
Normal myoblasts and HD myoblasts both displayed diffuse cytoplasmic labeling for htt, more intense in the perinuclear region. No difference was found in the intensity and pattern of htt staining between HD and control myoblasts, nor were nuclear or cytoplasmic inclusions observed (Supplementary Figure 5) . Control and HD myotubes immunostained for htt more intensely than myoblasts and, notably, MAB2166 detected rounded, cytoplasmic inclusions of various sizes, only in HD myotubes. Cytoplasmic inclusions were visible in 573% of myotubes from all the symptomatic and presymptomatic HD subjects, and double immunofluorescence labeling demonstrated apparent ubiquitination in a subset of httimmunoreactive inclusions (Figure 1a-f) .
Muscle cell differentiation
In all HD cell cultures we detected altered myotube formation. The fusion index was significantly lower in HD myotubes than in control cells (4772% in HD versus 5573% in controls, Po0.01) (Figure 1g ). HD myotubes also contained fewer nuclei than controls (4.670.3 in HD versus 6.770.6 in controls, Po0.001, Figure 1h ). The distribution of nuclei also differed markedly in control and HD myotubes. About 20% of control myotubes contained more than nine nuclei, 36% from five to nine and 44% from two to four. Conversely, most HD myotubes contained from two to four nuclei and only 11% contained more than nine (Figure 1i ).
Increased susceptibility to apoptosis in human HD myoblasts
At phase contrast microscopy, control myoblasts were fine, spindle-shaped, and grew in characteristically orderly arrays (Figure 2a ), whereas myoblasts from HD subjects grew in a disorderly way, were irregular in shape and showed the typical features of apoptotic cell death, namely cellular fragmentation and cytoplasmic shrinkage (Figure 2b) . 13 HD myoblasts also contained several cytoplasmic vacuoles, whereas control cells did not (Figure 2a The apoptotic index measured after plating was significantly higher in HD myoblasts than in controls, at 24 h (2.470.2% versus 1.170.3%; Po0.01) and at 48 h (3.270.3% versus 1.070.3%; Po0.01), (Figure 2e ). As our data showed an equally high proliferative rate under normal growth conditions in control and HD myoblasts (Figure 3a) , we tested viability under stressful conditions. HD myoblasts were more sensitive than control cells to all tested mitochondrial chain inhibitors. At low drug concentrations inhibition of proliferation started early and at higher drug concentrations cell numbers sharply decreased in HD myoblasts (Figure 3b-e) . After cell cultures were deprived of serum, proliferation of both HD and control myoblasts began to decrease. From day 7 onwards, progressive cell death began but only in HD cell cultures (Figure 3f ).
Mitochondrial membrane potential (DW m ) dissipation and cytochrome c release in HD myoblasts
Analysis of JC-1 fluorescence emission under normal growth conditions showed lower mitochondrial membrane potential (DC m ) in HD myoblasts than in controls (Figure 4a ).
The proapoptotic factor cytochrome c was detected in cytosolic fractions from HD myoblasts, but not in controls ( Figure 4b ). An ELISA assay to quantify cytochrome c further confirmed that cytochrome c was present in significant amounts only in cytosol from HD cells (Figure 4c ). Immunofluorescence analysis confirmed that in healthy myoblasts cytochrome c colocalized with mitochondria, whereas in HD myoblasts it showed diffuse cytoplasmic staining (Figure 4d-i) .
To investigate the role of the mPTP in DC m dissipation induced by endogenous mutated htt in myoblasts, we analyzed DC m after suppressing CypD expression by RNAi. The specific CypD-RNAi produced a sharp decrease in the amount of CypD mRNA ( Figure 5a and Supplementary Figure  6 ) and CypD protein ( Figure 5b) . Moreover, the CypDdeficiency strongly protected both HD and control myoblasts from Ca 2 þ induced mPTP opening (Supplementary Figure  7) . 14, 15 Despite protecting mPTP opening, the CypD-deficiency left the difference in DC m , between HD and control myoblasts, under normal growth conditions, unchanged ( Figure 5c ).
Caspase activities in HD myoblasts
Under normal growth conditions, we observed a caspase-3-like activity, which was significantly higher in HD myoblasts than in control cells (4.470.3 versus 2.770.4 DEVDase enzymatic assay; Po0.001), (Figure 6a ). This finding was confirmed by Western blotting using a specific antibody against the active caspase-3 fragment (Figure 6b ). Under normal growth conditions, HD myoblasts also showed, increased caspase-9-like (11.470.5 versus 8.370.5; Po0.001) and caspase-8-like (8.170.8 versus 5.770.8; Po0.01) activities ( Figure 6c ).
As caspase-3, -8 and -9 activities were increased in HD cells, we tested whether a broad-spectrum caspase inhibitor could reduce HD myoblast death. In this experiment, 100 mM ZVAD-FMK significantly reduced the apoptotic index in HD cells (apoptotic index 3479%; Po0.01 after 24 h, 2778%; Po0.01 after 48 h; Figure 7a ).
As we had found increased vulnerability to mitochondrial complex inhibitors in HD myoblasts (Figure 3 ), we assessed whether such reduced viability might be dependent on caspase-3 activation. We first monitored caspase-3 activity in myoblasts treated with mitochondrial toxins and found that, although caspase-3 activity increased in both HD and control myoblasts, caspase-3 always reached higher levels in HD cells than in control cells, accounting for the previous viability assays (Figure 7b ). Second, we tested whether caspase inhibition could reduce this sensitivity to mitochondrial toxins. ZVAD-FMK increased viability more strongly in HD than in control cells (Figure 7c , black column), canceling the differences between control cells and cells from HD subjects. Selective caspase-8 (IETD-FMK) and caspase-9 inhibitors (LEHD-FMK) also promoted a significant but lower survival in HD cells (Figure 7c , gray columns).
Discussion
In this in vitro study, we provide evidence of cell dysfunction and apoptosis in muscle cell cultures from subjects with HD. The characteristic abnormal features we detected were the formation of htt-immunoreactive inclusions, altered differentiation and apoptotic events, including mitochondrial depolarization and increased caspase activities.
An interesting finding was the in vitro evidence of muscle cell dysfunction and apoptosis even in the two subjects still at the presymptomatic stage of HD. Our study therefore suggests that muscle cell dysfunction may start early in life, accumulates over time and generates damage in advanced HD, along with the loss of motor and cognitive functions due to brain involvement. Our in vitro model based on a tissue directly obtained from HD subjects, thus expressing endogenous mutated protein in its physiological setting, could be useful for documenting pathological changes taking place in vivo, even during the presymptomatic stage of the disease.
The pathogenic role of htt aggregates in HD is still controversial. In agreement with data from transgenic models, 10, 16 we found that inclusion bodies were selectively distributed in HD myotubes (Figure 1a-f) but not in HD myoblasts, implying that such formations may not be essential for inducing cell death. 17 The inclusion bodies we observed in ex vivo myotubes resemble htt-immunoreactive granular deposits, recently detected in human post-mortem HD muscles. 9 Our findings provide evidence favoring increased apoptotic death in HD myoblasts (Figure 2) , with reduced viability under stressful conditions (Figure 3b-f) . As myoblasts are essential, in vivo, for normal growth, repair, and maintenance of adult skeletal muscle bulk, 18 an increased rate of cell death associated with impaired myotube formation may contribute to the progressive weight loss observed in patients with HD. 5 The increased apoptosis and muscle cell dysfunction are consistent with the severe muscular atrophy detected in transgenic HD mice 10 and accord with nonspecific myopathic Previous reports have described altered mitochondrial oxidative metabolism in brain and peripheral tissues of HD subjects [6] [7] [8] [9] 19 and increased mitochondrial depolarization after stress conditions in both fibroblasts and lymphoblasts from HD subjects. 20, 21 In our cell model, we observed mitochondrial DC m dissipation and cytochrome c release even under normal growth conditions. Muscle cells may therefore be far more vulnerable to mutated htt than other cellular models such as HD lymphoblasts or fibroblasts. If so, muscle cells could be a useful new human peripheral cell model for exploring the pathogenic mechanisms in HD. 14 Our data therefore strengthen the hypothesis that intrinsic mitochondrial pathways, 23 such as the cascade of toxic events associated with alterations in Bcl-2 family members, may contribute to the pathogenesis of HD and merit further analysis.
Differently from other models such as lymphoblastoid cell lines, we found increased caspase-3 activity at baseline, in unstimulated HD cells. A possible explanation is that in lymphoblasts, immortalization by a virus may significantly influence the cell proliferation rate and apoptotic cell death. 24 Although baseline caspase-3 activity is important for normal cell survival in muscle, 25 in our muscle cell model, caspase-3 activity differed significantly in cells expressing mutated htt and control cells (Figure 6a and b) .
Coherently with previous reports indicating a role of caspase-8 and -9 in HD, 22, 26, 27 we herein describe activation of these two proteases in HD myoblasts (Figure 6c ). Both caspase initiators may contribute to the pathogenic cascade of events leading to caspase-3 activation and finally to apoptosis. When we exposed HD myoblasts to a broadspectrum caspase inhibitor the apoptotic index decreased (Figure 7a) . Notably, in the presence of caspase inhibitors, the The figure also shows JC-1 fluorescence ratios in scrambled myoblasts (black lines); values represent the mean7S.D. from two independent experiments performed on myoblasts from nine controls and seven HD subjects. Statistical comparisons of CypD-deficient HD myoblasts versus CypD-deficient control myoblasts were performed using ANOVA followed by Tukey test, **Po0.01 difference in viability between control and HD myoblasts under stressful conditions substantially diminished (Figure 7c ), suggesting that the higher susceptibility of HD myoblasts to mitochondrial toxins is a caspase-mediated event. These findings indicate that apoptosis plays a key role in the death of HD myoblasts, even if they leave open other molecular mechanisms of cell death. For instance, a distinctive finding was the large number of cytoplasmic vacuoles detected in HD myoblasts (Figure 2a and b) . This feature may be compatible with autophagic cell death, previously described in HD 28 and recently highlighted in HD lymphoblasts with large expansions 29 and homozygous CAG mutations. 30 This and other ultrastructural features will need further clarification. As the size of CAG expansions differed Figure 7 Effect of cell-permeable caspase inhibitors on HD myoblasts. (a) HD myoblasts were exposed to ZVAD-FMK for 24 and 48 h and the apoptotic index was analyzed using the TUNEL assay. The graph represents means7S.E.M. of four independent experiments performed on myoblasts from nine controls and seven HD subjects (data were normalized and compared with untreated cultures; **Po0.01). (b) Caspase-3 activity was measured 24 and 48 h after mitochondrial toxin exposure in HD (filled squares) and control (open squares) myoblasts. The graphs represent means7S.D. from two independent experiments performed on myoblasts from nine controls and seven HD subjects.**Po0.01 and ***Po0.001 versus control myoblasts. (c) Caspase inhibition partially prevented cell death produced by mitochondrial toxins. HD and control myoblasts were exposed to mitochondrial complex inhibitors with or without addition of caspase inhibitors, and cell survival was analyzed 120 h later using the MTS assay. Data are presented as mean7S.E.M. from three independent experiments performed on myoblasts from nine controls and seven HD subjects; Data were normalized to MTS reduction before toxin exposure; *Po0.05, **Po0.01, ***Po0.001 versus toxin alone (vehicle-treated culture) within the same experiment little among samples, we failed to observe any dependence of cell abnormalities on subjects' genotype and phenotype (Supplementary Table 1) .
Our results corroborate the hypothesis that mutated htt, ubiquitously expressed in nervous and non-nervous system, 1 also damages tissues outside the brain. 9, 20, [29] [30] [31] [32] By applying these new findings in human HD muscle cells we may be able to clarify the pathogenic mechanisms induced by endogenous mutated htt and to test new therapeutic strategies in vitro.
Materials and Methods
Subjects and muscle biopsies
Genetic testing was performed on blood lymphocyte DNA, and the CAG trinucleotide repeat length was assessed as previously described. 33 Two unaffected mutation carriers underwent the predictive testing program according to the published protocol. 34 Demographic and clinical characteristics of the subjects are summarized in the Supplementary Table 1 . Biopsy specimens were obtained from the upper limbs of seven patients with HD (mean age 44711 years) and nine healthy controls (mean age 4278 years) and processed for primary muscle cell cultures. The age difference in years between the two groups was not statistically significant (P40.05, t-test). The study was conducted after ethical approval of the local Bioethics Committee, and informed consent for genetic testing (molecular confirmation and predictive testing) and muscle biopsy was obtained from all subjects.
Muscle cell cultures
Myoblasts were derived in accordance with Blau and Webster 35 and grown in HAM's F10 medium (Sigma, St Louis, MO, USA) supplemented with 15% fetal bovine serum (Gibco/Invitrogen, San Diego, CA, USA), 0.5 mg/ ml bovine serum albumin, 10 ng/ml epidermal growth factor, 4 ng/ml insulin, 0.39 mg/ml dexamethasone, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. Cultures were stained by immunocytochemistry using antibodies to desmin (Chemicon, Temecula, CA; Calbiochem/Oncogene Research Products, Cambridge, MA, USA), a protein expressed only in myogenic cells. 36 Myogenic purity, calculated as the proportion of cells expressing desmin, exceeded 98% in all cultures (Supplementary Figure  1) . All experiments involved cell cultures at identical passages and data were obtained from experiments repeated in cultures at the second, third, and fourth passage.
To confirm further the myogenicity of the cultured cells, we observed the fusion process which forms multinucleate myotubes after 7 days in differentiating medium (Dulbecco's modified Eagle's medium containing 10 mg/ml insulin and 5% fetal bovine serum) (Supplementary Figure 1) . To check the ability of HD myoblasts to fuse and differentiate into multinucleated myotubes, we evaluated the fusion index calculated as the ratio of nuclei in myotubes to the total number of nuclei, the mean number of nuclei per myotube and the number of myotubes according to the number of nuclei per cell (2-4, 5-9, 49 nuclei). 37 At 7 days in the differentiating medium, we analyzed 10 fields from each of four separate cell cultures from each HD and control subject.
Immunofluorescence
Htt localization in myoblasts was investigated by immunofluorescence with antibodies (Chemicon) recognizing the N-terminal (MAB2166) and Cterminal (MAB2168) htt domains. Immunofluorescence on myotubes was performed with MAB2166 and anti-ubiquitin antibodies (Chemicon) 15 days after the addition of differentiation medium. Cell monolayers were fixed in 4% paraformaldehyde, permeabilized with 0.3% Triton X-100, thoroughly washed, and then blocked with 10% normal goat serum. Cells were incubated first with primary antibody overnight at 41C then with the appropriate secondary antibody for 1 h. For analysis of cytochrome c localization, myoblasts were labeled with 500 nM MitoTrackerRed (Molecular Probes) for 30 min at 371C, and then incubated with antibody against cytochrome c (Sigma). Anti-mouse and anti-rabbit Cy3-and Cy2-conjugated antibodies were supplied by Jackson ImmunoResearch (West Grove, PA, USA). Samples were observed under a Leica DMIR2 microscope, and digital images assembled using Imaging Software LeicaFW4000.
In situ nick end-labeling (TUNEL) assay
Myoblasts were assayed by TUNEL with the cell death detection kit, TMR red (Roche Diagnostics, Grenzach-Wyhlen, Germany) according to the manufacturer's instructions. The apoptotic index was expressed as a percentage of TUNEL-positive nuclei on all the nuclei, stained with 4,6-diamidine-2-phenylindole, dihydrochloride (DAPI). 
Cell viability
Evaluation of DW m
The dye JC-1 (Molecular Probes) was added directly to the cell culture medium (5 mM final concentration) and incubated for 30 min. The cells were washed once with PBS and then incubated with fresh medium. The fluorescence intensity was monitored with a fluorescence plate reader (Ascent FL Thermo Labsystems), using two excitation and emission filters 485/530 and 530/590 and the signal was followed over an extended period of time to validate the stability of the probe, once incorporated into the living cells. The ratio of red/green fluorescence was an indication of DC m . To validate the method we monitored myoblast depolarization by different concentrations of a mitochondrial uncoupler (2,4-Dinitrophenol) and a mitochondrial complex IV inhibitor (Azide) (Supplementary Figure 2) .
As mitochondrial permeability transition pore (mPTP) opening is characteristically induced by high-calcium levels 38 we evaluated the time course of DC m , in permeabilized cells, in response to different Ca 2 þ concentrations (Supplementary Figure 3) . The cells were plated in 96-well plates (10 000 cells/well) in complete medium (200 ml/well). After 18 h, the dye JC-1 was added to each well (5 mM final concentration) and incubated for 30 min. Cells were washed twice with Ca 2 þ -free balanced salt solution (pH 7.4 containing 2.9 mM KH 2 PO 4 , 180 mM NaCl, 38 mM Na 2 H-PO 4 Á 7H 2 O) and then permeabilized with 0.002% digitonin in 200 ml/well permeabilization buffer (120 mM KCl, 10 mM NaCl, 2 mM KH 2 PO 4 , 10 mM HEPES, 5 mM Na þ succinate, 1 mM MgCl 2 , 0.1 mM EGTA) for 3 min. 39, 40 Permeabilized cells were then washed twice with permeabilization buffer and kept in EGTA-free permeabilization buffer. The JC-1 fluorescence ratio was monitored for 40 min.
Cytochrome c assay
Cytochrome c was assayed in cytosolic fraction with the cytochrome c ELISA kit (Chemicon).
RNA interference against cyclophilin D
The following duplexed RNA oligonucleotides (Stealth RNA interference (RNAi)) were synthesized by Invitrogen ( Figure 4) . Control and HD CypD-deficient myoblasts both proliferated at a normal rate apparently without phenotypic differences compared with scrambled-transfected or untransfected cells (data not shown).
CypD mRNA expression
Total RNA from primary cultures was extracted using TRIzol (Invitrogen) according to the manufacturer's protocol. Total RNA (1 mg) was reverse transcribed using SuperScript II (Invitrogen). A real-time polymerase chain reaction (PCR) method was used to quantify CypD mRNA. For each sample, 10 ng of template was amplified in duplicate in PCR reactions on an ABI PRISM 7700 machine using Assay-on-Demand Gene Expression Products (Applied Biosystems, Foster City, California, USA). CypD mRNA and the housekeeping gene (HPRT) were labeled with FAM. Data were analyzed with the SDS 2.1 software. The relative amount of CypD mRNA was normalized to the amount of HPRT transcript in the same cDNA and data are expressed as 2 ÀDCT .
DEVDase, LEHDase, and IETDase activity
Caspase activities were monitored by a colorimetric kit (Chemicon) according to the manufacturer's protocol. Lysates were incubated at 371C for 4 h in caspase assay buffer supplemented with specific colorimetric substrates (DEVD-pNA for caspase-3, IETD-pNA for caspase-8, and LEHD-pNA for caspase-9). Caspase activities were calculated as pmol p-nitroanilide liberated/h/mg protein.
Sample preparation and Western blotting
Muscle cells were rinsed with cold PBS and harvested by scraping and centrifugation, then lysed on ice for 15 min in a buffer containing 20 mM TRIS pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, and complete protease inhibitors (Roche). Equal amounts of protein were separated on polyacrylamide gel electrophoresis, transferred to polyvinylidene fluoride membranes (Amersham Pharmacia Biotech, Little Chalfont, UK), incubated in blocking buffer for 1 h (5% low fat milk in TBST, 50 mM TRIS pH 7.6, 0.15 M NaCl, 0.05% Tween), and probed overnight with the primary antibody in TBST. Antibodies for cytochrome c, CypD and for active caspase-3 fragments were obtained from BD Biosciences
Pharmingen. Recombinant caspase-3 was obtained from Sigma. Protein bands were visualized with horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence (Amersham).
Statistical analysis
Unless otherwise stated all data are expressed as means7S.E.M. Data were subjected to a normality test. As data showed a normal distribution, we used a parametric analysis of variance (ANOVA), followed by Tukey test to detect significant differences among groups. Statistical significance was set at Po0.05.
